Edited by Michael J. Welsh, Howard Hughes Medical Institute, Iowa City, IA, and approved August 23, 2011 (received for review April 27, 2011) Cystic fibrosis (CF) is caused by mutations in the CF transmembrane conductance regulator (CFTR) gene that impair the function of CFTR, an epithelial chloride channel required for proper function of the lung, pancreas, and other organs. Most patients with CF carry the F508del CFTR mutation, which causes defective CFTR protein folding and processing in the endoplasmic reticulum, resulting in minimal amounts of CFTR at the cell surface. One strategy to treat these patients is to correct the processing of F508del-CFTR with small molecules. Here we describe the in vitro pharmacology of VX-809, a CFTR corrector that was advanced into clinical development for the treatment of CF. In cultured human bronchial epithelial cells isolated from patients with CF homozygous for F508del, VX-809 improved F508del-CFTR processing in the endoplasmic reticulum and enhanced chloride secretion to approximately 14% of non-CF human bronchial epithelial cells (EC 50 , 81 ± 19 nM), a level associated with mild CF in patients with less disruptive CFTR mutations. F508del-CFTR corrected by VX-809 exhibited biochemical and functional characteristics similar to normal CFTR, including biochemical susceptibility to proteolysis, residence time in the plasma membrane, and single-channel open probability. VX-809 was more efficacious and selective for CFTR than previously reported CFTR correctors. VX-809 represents a class of CFTR corrector that specifically addresses the underlying processing defect in F508del-CFTR.
cystic fibrosis transmembrane modulator | VX-770 C ystic fibrosis (CF) is a fatal autosomal-recessive genetic disorder caused by loss-of-function mutations in the CFTR gene, which encodes for the CFTR protein (CF transmembrane conductance regulator) (1, 2) . CFTR is a chloride ion channel that regulates epithelial salt and fluid transport in numerous tissues, including the lung, pancreas, intestine, reproductive tract, and sweat gland (3) . CFTR mutations that reduce CFTR protein function cause accumulation of thick, sticky mucus in the bronchi of the lungs, loss of exocrine pancreatic function, impaired intestinal secretion, and an increase in the concentration of chloride in the sweat (4, 5) . Patients with CF require numerous therapies to manage these symptoms (3), including mucolytic and antibiotic agents and chest physiotherapy to treat the airway disease and digestive enzymes to replace the loss of exocrine pancreatic function. These and other interventions have increased life expectancy dramatically, but improvement is needed to reduce the high treatment burden and increase survival (6, 7) .
Since the discovery that a loss of CFTR function causes CF (1, 2), there have been efforts to restore CFTR function with gene therapy or drugs to ameliorate the disease (8) . In support of this approach, the CFTR potentiator VX-770 (9) improved in vivo measures of chloride transport and lung function in patients with CF with the G551D CFTR channel gating mutation (10) . Although these results support increasing CFTR function as a strategy to treat CF, the G551D CFTR mutation is present in fewer than 5% of patients with CF (11).
To restore or improve CFTR function in the majority of the population of patients with CF, it will likely be necessary to target the underlying molecular defect in CFTR caused by the F508del CFTR mutation, which is present in 90% of patients with CF (1, 11) . The F508del CFTR mutation impairs CFTR processing in the endoplasmic reticulum (ER) by preventing the protein from folding properly (12) (13) (14) . Misfolded F508del-CFTR is retained by the ER and degraded, reducing F508del-CFTR delivery to the cell surface (15) . In addition, the small amount of F508del-CFTR that is delivered to the cell surface exhibits defective channel gating and increased turnover (16, 17) . To enhance chloride transport via F508del-CFTR, drugs that increase the delivery of functional F508del-CFTR to the cell surface may be required. Such agents are called CFTR correctors (18, 19) . Our goal was to discover CFTR correctors that could advance to clinical studies in patients with CF with the F508del CFTR mutation.
Results
Discovery of VX-809. To discover CFTR correctors, we screened 164,000 small molecules for compounds that increased F508del-CFTR-mediated chloride transport in a recombinant cell-based assay (18) . Active compounds were prioritized based on evidence of improved F508del-CFTR processing in the ER and increased functional F508del-CFTR at the cell surface. Immunoblot techniques were used to measure F508del-CFTR exit from the ER and passage through the Golgi, which is characterized by an increase in the molecular weight of CFTR (from a 135-140-kDa band to a 170-180-kDa band) as a result of glycosylation (20) . After CFTR is processed by the Golgi, the mature, complexglycosylated CFTR form is delivered to the cell surface. To allow sufficient time for de novo synthesis, ER processing, and cellular trafficking of F508del-CFTR to reach steady state, cells were incubated with compounds for 48 h before measurement. One active compound, VRT-768 (Fig. 1A) , increased F508del-CFTR maturation by 2.5 ± 0.1 fold (EC 50 , 16 ± 6 μΜ; n = 4) and enhanced chloride transport (EC 50 , 7.9 ± 1.1 μM; n = 4) compared with vehicle-treated controls in Fischer rat thyroid (FRT) cells expressing F508del-CFTR (Fig. 1B and Fig. S1A ).
Extensive medicinal chemistry and structure activity analyses were used to improve in vitro potency, efficacy, and other druglike properties of the chemical scaffold represented by VRT-768.
By using the central amide bond to synthesize analogues, the role of the amine and the acid moieties were probed independently, resulting in the identification of several distinct chemical scaffolds, one of which led to VX-809 (Fig. 1A) . Compared with VRT-768, VX-809 had greater potency and improved in vitro efficacy as determined by enhanced F508del-CFTR maturation and chloride transport (Fig. 1B) . In FRT cells, VX-809 improved F508del-CFTR maturation by 7.1 ± 0.3 fold (n = 3) compared with vehicletreated cells (EC 50 , 0.1 ± 0.1 μM; n = 3: Fig. 1B and Fig. S1A ) and enhanced F508del-CFTR-mediated chloride transport by approximately fivefold (EC 50 , 0.5 ± 0.1 μM; n = 3: Fig. 1C ). At VX-809 concentrations greater than 10 μM, the response was reduced, resulting in a bell-shaped dose-response relationship with an IC 50 of approximately 100 μM. VX-809 was orally bioavailable in rats and achieved in vivo plasma levels significantly above concentrations required for in vitro efficacy (SI Materials and Methods). the ER-associated, core-glycosylated CFTR form to the mature, complex-glycosylated CFTR form by using metabolic pulse-chase techniques (20) . In HEK-293 cells expressing F508del-CFTR, 24-h treatment with 3 μM VX-809 increased F508del-CFTR exit from the ER by sixfold compared with vehicle-treated cells, reaching levels comparable to 34 ± 4% (n = 3) of CFTR ( Fig. 2 A and B) . F508del-CFTR that did not exit the ER in the presence of VX-809 appeared to be degraded at a similar rate compared with vehicletreated cells (Fig. 2C and Fig. S1B ). These data suggest that VX-809 allowed proper processing of a fraction of the F508del-CFTR in the ER (12, 21) . Consistent with this hypothesis, blocking ER export to the Golgi with brefeldin A (BFA) (22) revealed that 28% ± 10% (n = 3) of the F508del-CFTR trapped in the ER was resistant to degradation in the presence of VX-809, as the rate of decay was slower compared with vehicle-treated cells (Fig. 2C and  Fig. 1B) . The effect of VX-809 did not appear to be caused by inhibition of the proteasome degradation pathway, as VX-809 did not inhibit the degradation of a proteosome reporter substrate (Fig. S1C) . Taken together, these results suggested that VX-809 increased the conformational stability of a fraction of F508del-CFTR in the ER, allowing it to exit the ER and traffic to the cell surface.
Limited proteolysis assays were used to test whether the increased ER export of F508del-CFTR following VX-809 treatment was associated with changes in F508del-CFTR protein conformation. This technique is based on the premise that folded proteins are more compact and therefore typically more resistant to proteolytic digestion than unfolded or partially folded proteins and has been used to probe differences in protein folding between CFTR and F508del-CFTR (12, (23) (24) (25) . As previously shown (3, 12) , full-length F508del-CFTR and the second nucleotide binding domain (NBD2) fragment (∼25-kDa band) of F508del-CFTR were more susceptible to proteolytic digestion than those of CFTR (Fig. 2 D and E and Fig. S2 ). The trypsin concentrations required to eliminate 50% (C try50% ) of both fulllength and the NBD2 fragment of F508del-CFTR were significantly higher in VX-809-treated cells compared with vehicletreated cells (Fig. 2 D and E and Fig. S2 ). These data indicate that VX-809 allowed a fraction of the F508del-CFTR in the ER to form a more compact protease-resistant conformation, consistent with improved folding of F508del-CFTR.
Defects in F508del-CFTR folding have been linked to its impaired channel gating (26) (27) (28) . To determine whether correction of F508del-CFTR by VX-809 resulted in CFTR protein with normal channel gating, the channel open probability (P o ) of F508del-CFTR was assessed by using single-channel patch-clamp techniques ( Fig. 2F and Fig. S2D ). The F508del-CFTR delivered to the cell surface following treatment (24-48 h) with 3 μM VX-809 had a P o of 0.39 ± 0.04 (n = 9), which was indistinguishable from that of CFTR (P o , 0.40 ± 0.04; n = 6) and higher than that reported for uncorrected F508del-CFTR [P o , 0.1 (27) ]. The P o of F508del-CFTR in VX-809-treated cells was also higher than the P o of F508del-CFTR in cells incubated at 27°C for 24 to 48 h (P o , 0.15 ± 0.04; n = 9), a treatment previously shown to improve F508del-CFTR processing but not channel gating (16) . Acute addition of VX-809 had no effect on F508del-CFTR function (Fig. S3) , suggesting that VX-809 is not a CFTR potentiator. Acute addition of the CFTR potentiator VX-770 further increased the P o of F508del-CFTR following VX-809 treatment (P o , 0.59 ± 0.07; n = 9), indicating that VX-770 potentiated the channel gating activity of VX-809-corrected F508del-CFTR. (Fig. 3 A-D and Table S1 ). This corresponded to an increase in chloride transport from 3.4 ± 0.7% to 13.9 ± 2.3% of that measured in HBE isolated from four non-CF donor lungs (56 ± 6 μA/cm 2 ; Fig. 3D and Table S1 ). The increased chloride transport in VX-809-corrected F508del-HBE exhibited pharmacological hallmarks of normal CFTR, such as dependence on stimulation by the cAMP/protein kinase A (PKA) signaling pathway and inhibition by a specific CFTR blocker (Fig. 3C) . The maximum effect of VX-809 occurred following 24 h of treatment (t 1/2 , ∼3 h; Fig. 3E) , consistent with the time required for newly synthesized F508del-CFTR to reach a steady state at the cell surface (17) . Following VX-809 washout, chloride transport returned to uncorrected levels within 48 h (t 1/2 , ∼13 h; Fig. 3F ). The t 1/2 of VX-809-corrected F508del-CFTR was similar to that of CFTR [t 1/2 , 16-24 h (17)] and considerably longer than vehicle-treated (t 1/2 , <4 h) or 27°C-corrected F508del-CFTR (Fig. S4) . The long residence time in the plasma membrane suggests that VX-809-corrected F508del-CFTR is not recognized as unfolded by the peripheral protein quality control mechanism (29) , supporting the biochemical and functional data that VX-809 improved F508del-CFTR protein folding.
To enhance chloride transport through F508del-CFTR corrected by VX-809, the CFTR potentiator VX-770 (ivacaftor) (9) was added to maximize the P o of the CFTR channel. Acute application of 1 μM VX-770 increased forskolin-stimulated chloride transport in cultured F508del-HBE pretreated with VX-809 for 48 h (Fig. 3G) . At the maximally effective concentrations of both compounds, F508del-CFTR-mediated chloride transport reached levels equivalent to approximately 25% of that measured in non-CF HBE (Fig. 3G and Table S1 ). These results are consistent with the increase in P o of VX-809-corrected F508del-CFTR by VX-770 in recombinant cells (Fig. 2F) .
The in vitro efficacy of VX-809 was compared with several previously described CFTR correctors and low-temperature correction in Ussing chamber studies by using cultured F508del-HBE. These included drugs approved for non-CF indications [e.g., 4-phenylbutyrate, miglustat, sildenafil, suberoylanilide hydroxamic acid (SAHA)] (19, (30) (31) (32) and compounds identified through high-throughput screening (e.g., corr-4a, VRT-325) (18, 19) . The cultured F508del-HBE cells were preincubated with each compound at the maximally effective concentration and treatment duration (Fig. 3H) . In cultured F508del-HBE, VX-809 (3 μM) was significantly (P < 0.05; ANOVA followed by Tukey multiplecomparison test) more efficacious than Corr-4a (10 μM) and VRT-325 (6.7 μM; Fig. 3H ), as well as 27°C-corrected F508del-CFTR (Fig. S4B) . No significant correction of F508del-CFTR was observed in cultured F508del-HBE for the other known CFTR correctors (Fig. 3H) , although SAHA did increase forskolinstimulated chloride secretion in recombinant FRT cells expressing F508del-CFTR (Fig. S5) . The ability of some CFTR correctors to act in recombinant cells expressing CFTR but not in native HBE cultures has been previously reported (33) and highlights the importance of confirming activity in native epithelial cells.
In the CF lung, the loss of CFTR-mediated chloride transport is believed to cause an imbalance between fluid secretion and absorption, resulting in airway surface dehydration (4). Confocal microscopy was used to test if VX-809 increased the airway surface liquid (ASL) height in cultured F508del-HBE. To activate CFTR, vasoactive intestinal peptide was added to the basolateral surface throughout the treatment period (9) . Addition of VX-809 to the basolateral surface for 5 d increased the ASL height from 4.5± 0.2 μm to 6.7 ± 0.5 μm, indicating less fluid absorption, more secretion, or both. Addition of 3 μM VX-770 with VX-809 further increased the ASL height to (Fig. S6) , which was consistent with the additive effects of VX-770 and VX-809 on chloride transport (Fig. 3G ).
VX-809 Showed Selectivity for Correction of CFTR Processing. To assess the selectivity of VX-809 action, we compared the ability of VX-809, VRT-325, and Corr-4a to correct the normal and ERarrested mutant forms of CFTR (CFTR and F508del-CFTR), the human ether-à-go-go-related K + channel (hERG; G601S-hERG), and P-glycoprotein (P-gp; G268V-P-gp or Y490del-P-gp) in HEK-293 cells. VX-809 corrected CFTR and F508del-CFTR ( Fig. 1 and Fig. S7 ), but did not improve the processing of the normal or mutant forms of hERG or P-gp (Fig. 4 A-C and Fig.  S7 ). Furthermore, VX-809 did not correct other disease-causing mislocalized proteins, including α1-antitrypsin Z mutant (E342K-α1-AT) or N370S-β-glucosidase (Fig. S7) . In contrast, VRT-325 and Corr-4a increased the processing of all proteins tested (Fig. 4 and Fig. S7 ). Although the amount of F508del-CFTR correction by VRT-325 and Corr-4a was similar (Fig. 4A) , VRT-325 was more effective in increasing the processing of non-CFTR proteins. Also, all compounds tested showed greater effects on the processing of mutant vs. normal proteins.
The different in vitro selectivity profiles of VX-809, VRT-325, and Corr-4a suggest that they may act through distinct pathways and/or molecular targets to correct F508del-CFTR. Consistent with this hypothesis, VX-809 was additive with VRT-325 and Corr-4a in Ussing chamber studies of CFTR-mediated chloride transport in cultured F508del-HBE (Fig. 4 D and E) .
Discussion
Several CFTR correctors have been previously reported to be active in vitro, including drugs approved for non-CF indications (e.g., 4-phenylbutyrate, miglustat, sildenafil, SAHA) (19, (30) (31) (32) and compounds identified through high-throughput screening (e.g., corr-4a, VRT-325) (18, 19) . Therapies for CF have not advanced from these efforts, possibly due to insufficient restoration of CFTR function and/or poor selectivity for processing of CFTR compared with other proteins and other off-target actions. VX-809 represents a class of CFTR correctors, distinguished from previously described CFTR correctors by the magnitude of its increase in F508del-CFTR-mediated chloride transport in cultures of F508del-HBE and its selectivity for CFTR vs. other normal and misfolded proteins. Based on its favorable in vitro and in vivo profiles, VX-809 was advanced into clinical studies evaluating the safety and efficacy of VX-809 alone and in combination with VX-770 in patients with CF homozygous for the F508del-CFTR mutation.
Several lines of evidence suggest that VX-809 works by promoting the proper folding of a fraction of F508del-CFTR during its biogenesis and processing in the ER, allowing it to exit the ER, traffic to the cell surface, and function normally. First, VX-809 increased the efficiency of F508del-CFTR ER export, suggesting , and VRT-325 (6.7 μM) for 8 d with 1 μM SAHA or 2 to 4 h with 100 μM miglustat. The concentration and treatment duration for each compound were based on the maximally effective experimental conditions published for the previously described CFTR corrector (18, 30, 43, 44) . Asterisks indicate significant (P < 0.05; paired t test) increase in I T vs. untreated levels.
that a fraction of F508del-CFTR attained a more stable protein conformation that was not recognized as defective by the ER quality control pathways (12, 21, 34, 35) . Second, VX-809 decreased the proteolytic sensitivity of full-length F508del-CFTR and the NBD2 fragment of F508del-CFTR, consistent with a more compact protein conformation (12, 23, 24) . Third, the channel gating activity of VX-809-corrected F508del-CFTR was normal, indicating that VX-809 promoted the proper domain-domain interactions previously shown to be essential for normal channel gating (26, 28) . Fourth, the cell surface stability of VX-809-corrected F508del-CFTR was similar to that of CFTR, suggesting that it was not recognized as defective by the peripheral quality control pathways and degraded (29) .
Under the conditions tested, the maximal level of chloride transport in cultured F508del-HBE treated with VX-809 reached 14% of non-CF HBE. In recombinant HEK cells, we observed that approximately 34% of the F508del-CFTR pool showed improved processing in the ER. Thus, while VX-809 is affecting a fraction of the F508del-CFTR pool, it does not correct F508-del CFTR processing to normal levels. It is not clear if this reflects a fundamental limitation of the mechanism of VX-809 action or if additional optimization of the VX-809 chemical scaffold would lead to compounds that further improved processing. However, the additivity of VX-809 with Corr-4a or VRT-325 suggests that the available pool of F508del-CFTR in the ER is not limiting the efficacy of CFTR correction by small molecules.
A notable feature of VX-809 compared with previously described CFTR correctors was its improved ability to increase the processing of normal and F508del-CFTR selectively. Although only a small number of proteins were included in the present study, they represented proteins that use similar trafficking pathways as CFTR (hERG, G601S-hERG) or are from the same superfamily as CFTR (G268V-P-gp, Y490del-P-gp), as well as other ER-arrested misfolded proteins that likely use chaperone pathways distinct from CFTR (α1-ATZ and N370S-β-glucosidase) (36) (37) (38) (39) . The effect of VX-809 on F508del-CFTR and Corr-4a and VRT-325 on F508del-CFTR and other mutant proteins was greater than that observed for the normal protein forms. This is likely a result of the efficient processing of normally folded proteins compared with misfolded proteins in the ER. These results suggest that VX-809 acts directly with CFTR and/or CFTR-associated proteins, whereas VRT-325 and Corr4a may act on multiple proteins or on a more general mechanism involved in protein processing. Additional studies are required to determine the mechanism of action of VX-809.
The different in vitro efficacy and selectivity profiles of VX-809, Corr-4a, and VRT-325 along with the functional additivity of the CFTR correctors in cultured F508del-HBE show that several distinct pathways and/or molecular targets are amenable to small-molecule correction of F508del-CFTR. Previous studies have shown that effects of Corr-4a and VRT-325 on the processing of F508del-CFTR are additive (40) . These in vitro results support the rationale of combining corrector compounds as one strategy to achieve more correction of F508del-CFTR.
Genotype-to-phenotype studies correlating in vivo CFTR function, as determined by nasal potential difference techniques, with disease severity suggest that more than 10% of normal CFTR chloride transport is associated with milder CF as characterized by a lower incidence of pancreatic insufficiency, later age at diagnosis, a more moderate lung function decline, and lower sweat chloride levels (∼80 mmol/L) compared with those with minimal (<10% normal CFTR function) CFTR chloride transport (i.e., patients with F508del-homozygous CF) (41, 42) . The in vitro results presented here show that VX-809 increased chloride transport in cultured F508del-HBE to approximately 14% of that measured in non-CF HBE, which was sufficient to increase the ASL height. These results suggest that VX-809 correction might reach levels that affect airway epithelial function and therefore may be clinically meaningful. Recently, results from a 28-d study of up to 200 mg/d of VX-809 in CF subjects homozygous for F508del-CFTR demonstrated evidence of increased transport as determined by a decrease in sweat chloride. However, no change in lung function was observed (45) . Additional clinical studies are planned to determine if VX-809 can produce clinical benefit in patients with CF. If additional efficacy is required, the in vitro results presented here suggest that combinations with CFTR potentiators, such as VX-770, and/or different classes of CFTR correctors could further increase F508del-CFTR-mediated chloride transport. The discovery of an efficacious and selective CFTR corrector suitable for advancement into clinical studies represents a step forward in the development of potential new therapies to treat the basic defect in patients with CF with the F508del CFTR mutation.
Materials and Methods
Cell Culture and Media. FRT cells or HEK-293 cells stably expressing human normal or F508del-CFTR were cultured as previously described (9, 18) (SI Materials and Methods). HBE cells were isolated from the bronchi of lungs obtained from non-CF or F508del-homozygous subjects with CF and cultured as previously described (9,18). Electrophysiology. Ussing chamber techniques with FRT and HBE cells were used to record the transepithelial current (I T ) resulting from CFTR-mediated chloride transport (9) . The single-channel activity of CFTR was measured by using excised inside-out membrane patch recordings (9) Further details are provided in SI Materials and Methods.
CFTR Immunoblot Analysis. Immunoblot techniques using the monoclonal CFTR antibody 769 were used to measure CFTR maturation in FRT, HEK-293, or HBE cells expressing CFTR or F508del-CFTR (18) . Pulse-chase studies using HEK-293 cells expressing CFTR or F508del-CFTR were performed as previously described (18) . Limited proteolysis studies were performed by using HEK-293 cells expressing F508del-CFTR or CFTR and the primary CFTR antibodies, 660 or 596 (all CFTR antibodies provided by John R. Riordan, University of North Carolina, Chapel Hill, NC). Further details are provided in SI Materials and Methods.
Measurement of ASL Volume. Confocal studies were used to monitor the ASL height by using 10,000 kDa dextran conjugated to Alexa Fluor 488 (SI Materials and Methods).
P-gp and hERG Immunoblot Analysis. HEK-293 cells were transiently transfected with a pcDNA3.1-based vector containing cDNA for P-gp, G268V-P-gp, or Y490del-P-gp and processed for Western blotting by using monoclonal P-gp antibody C219 (Abcam). HEK-293 cells stably expressing hERG or G601S-hERG were processed for Western blot by using a hERG antibody 373500 (Merck). Further details are provided in SI Materials and Methods.
α1-Antitrypsin Metabolic Pulse-Chase Analysis. HeLa cells were transiently transfected with a pcDNA3.1-based vector containing cDNA for the E342K form of the α1-antitrypsin (AAT) Z mutant (gift from W. E. Balch, Scripps Research Institute, La Jolla, CA) and processed for metabolic pulse-chase analysis (SI Materials and Methods).
β-Glucosidase Assay. Primary skin fibroblasts isolated from a male type I Gaucher disease patient (GM00372) were obtained from Coriell Cell Repositories, and the enzymatic activity of β-glucosidase was measured as described in SI Materials and Methods.
Statistical Analyses. Statistical comparisons were made by using ANOVA followed by Tukey multiple-comparison test or Student t test (Prism 5; GraphPad Software). All data are presented as mean ± SEM.
